Low-frequency elastic modulus, internal friction, tensile stress-strain loops, and thermally-induced strain recovery of single-crystal fibers obtained by pulling-down method from the melts of NiFeGaCo alloys were studied. A minimum of the elastic modulus and the maximum peak of the internal friction were obtained at the martensitic transition temperature. A large super-elastic strain of about 10% was obtained in the fiber of the Ni 49 Fe 18 Ga 27 Co 6 alloy. Thermodynamic estimation by the Clausius-Clapeyron equation was consistent with the experimental results.
Introduction
Ferromagnetic shape memory alloys (FSMAs) such as NiMnGa, 1) FePd, 2) FePt, 3) CoNiGa, 4, 5) CoNiAl 6) and NiMn-(In,Sn,Sb) 7, 8) have drawn a world-wide attention as a new class of magnetically controlled actuator materials. NiFeGa alloys with the Heusler structure are considered to be not only promising candidates for FSMAs, 9, 10) but also shape memory alloys with large superelastic strain and large superelastic temperature windows. [11] [12] [13] The Curie temperature of the NiFeGa ternary alloys is usually around room temperature so the magnetocrystalline anisotropy energy at ambient condition is small. 14) The Curie temperature and the magnetocrystalline anisotropy of the NiFeGa ternary alloys are effectively increased by adding Co. 15) Recently, a large magnetic-field-induced strain of 8.5% was obtained at room temperature under static mechanical stress in the Ni 49 Fe 18 Ga 27 Co 6 alloy. 16) The crystal structure of the martensitic phase is changed from a seven-or five-layer modulated structure to a non-modulated structure by the addition of Co, 17) which may bring about some changes in the superelastic behavior. In the present study, stress-strain behavior in the parent and martensitic phases for NiFeGaCo single crystals was investigated by using a dynamic mechanical analyzer (DMA). For singlecrystal growth, the micro-pulling-down (m-PD) method 18) was adopted, because it is known that the m-PD is suitable for obtaining the compositionally uniform single-crystal fibers.
Experimental Procedure
Ingots of Ni 50 Fe 17 Ga 27 Co 6 (17Fe) and Ni 49 Fe 18 Ga 27 Co 6 (18Fe) alloys weighing about 30 g each were prepared by a conventional induction method under an argon atmosphere. Fibers were obtained from the ingots in the m-PD furnace as follows. Several grams of the ingot were put into the alumina crucible with a small orifice of 1 mm in diameter at the bottom. The crucible was heated up to the melting temperature by an induction furnace under an argon atmosphere, and the crystal was pulled down from the orifice, the pullingdown-rate being about 1 mm/min. The obtained fibers were in the form of wires with about 1.5 mm in diameter and 200 mm in length. Further details of the m-PD method can be found elsewhere. 18) About 15-mm-long parts fibers were cut out as the specimens. The energy dispersive x-ray micro-analysis of remaining material has shown that the alloy composition along the fibers was constant within 0.5 at%. The microstructure was observed by optical microscopy and electron backscatter diffraction (EBSD) using cross-sectional views of fibers. No grain boundary and second phase precipitation were observed in these measurements. These results suggest that the obtained fibers are expected to be single-crystal state. So, the specimens were directly used for the examination without additional heat treatment. The transition temperatures and the enthalpy change for the martensitic transition were measured by differential scanning calorimetry (DSC). The crystallographic orientation of the high-temperature cubic phase (L2 1 structure) was determined by electron backscatter diffraction (EBSD).
The temperature dependencies of the elastic modulus and the internal friction tan in the dynamic tensile mode, and the stress-strain -" and strain-temperature "-T curves under constant temperature and stress, respectively, in the static tensile mode were measured by the DMA, the specimens being cut into specimens 0:6 Â 0:2 mm 2 in cross-section and 15 mm in length and then electro-polished to remove the deformed surface layer in preparation for measurement. Elastic modulus and internal friction measurements were carried out at a frequency of 1 Hz and an oscillation strain amplitude of 10 À4 with a heating and cooling rate of 2 C/min. Further details of the dynamic method can be found elsewhere. 19) After the dynamic measurements, the -" curves in the martensite and parent phases at the * Graduate Student, Tohoku University various temperatures were measured in the static mode. The samples were unloaded after each -" curve measurement and heated to 200 C and then cooled to the corresponding experimental temperature at a rate of 10 C/min.
Results and Discussion
The DSC curves for the 17Fe and 18Fe are shown in Figs. 1(a) and 1(b), respectively. The forward and reverse martensitic transition temperatures, which are defined as the peak temperatures in the cooling and heating DSC curves, were T M ¼ 45 C and T A ¼ 55 C for the 17Fe alloy, and T M ¼ À25 C and T A ¼ À13 C for the 18Fe alloy. These results suggest that the 17Fe and the 18Fe alloys are in the martensitic and the parent states at room temperature, respectively. The temperature dependencies of the elastic modulus and the internal friction in the 17Fe and 18Fe alloys are also shown in Figs. 1(a) and 1(b) . The elastic modulus of the parent phase decreases with decreasing temperature and large softening minimum at the transition temperatures during the cooling/heating cycle in both the alloys is observed. On the other hand, the internal friction of both alloys exhibits large peaks at the transition temperatures during the cycle. These peaks are a result of the lattice softening during the transformation. These phenomena at the martensitc transformation temperature are similar to those reported for the NiFeGa ternary alloys. 20) However, the anomalous behaviors of the elastic modulus and the internal friction observed in the martensitic state of the NiFeGa alloys 20) were not detected in this study. Figure 2 shows typical -" curves in the parent and martensitic states of the 17Fe and 18Fe alloys. Here, the tensile direction was confirmed to be nearly h10 6 13i L21 and h5 1 12i L21 for the 17Fe and 18Fe fibers by EBSD, respectively, as indicated in a stereographic triangles inserted in Fig. 2 . Annealing at 1100 C for 1 hour was used to obtain a cubic state at room temperature for the 17Fe alloy, because this heat treatment bring about the decrease of the martensitic transition temperature due to the precipitation of the second phase.
21) It can be seen from the -" curves tested above the T A that stress-induced martensitic (SIM) transition occurs by application of tensile loading and that a nearly perfect reverse transition is obtained by unloading. In the case of the NiFeGa ternary alloys, a two-step plateau corresponding to the L2 1 -14M and the 14M-2M stress-induced transformations has been reported, 11) but the present NiFeGaCo alloys show only a one-step plateau associated with to the L2 1 -2M transformation. The length of the plateau in the SIM transition is about 6% and 10% for 17Fe and 18Fe samples, respectively.
The transformation strain defined by the length of the plateau for the L2 1 -2M transition can be evaluated by using the lattice deformation. 22) According to our previous study of the crystal structure for the 18Fe alloy, the 2M martensitic phase has the lattice parameter a L1 0 ¼ 0:3847 nm and c L1 0 ¼ 0:3187 nm with a L1 0 unit cell. 23) The lattice parameter of the parent phase in the NiFeGaCo alloys has not been determined yet, but it is expected to be close to that in the Ni 51 Fe 22 Ga 27 alloys with a lattice parameter of a L2 1 ¼ 0:5742 nm. 24) The transformation strains " cal in h10 6 13i and h5 1 12i directions are estimated to be about 4.9%, and 10.3%, respectively. The observed transformation strains shown in Fig. 2 are in a good agreement with the calculated strains " cal . These agreements also suggest that the specimens are single-crystal state. The maximum trans- formation strain is predicted to be h001i direction from the calculation results.
The -" curves obtained at temperatures below the T A temperature show a plateau related to the variant reorientation, and residual strain remains after unloading. In order to examine the recovery behavior of the residual strain, the specimens after the deformation were heated up to 200 C. The strain-temperature heating curves obtained under zero stress are shown in Fig. 3 . The residual strains induced by the deformation dramatically recovered due to the reverse martensitic transition in the temperature range of 110-130 C for 17Fe and 40-70 C for 18Fe. As shown in Fig. 3 , it is apparent that the reverse transformation temperatures in the as-deformed specimens are about 50-60 C higher than the T A determined under a deformation-free condition by DSC. Similar behavior has also been observed in the CoNiGa ferromagnetic shape memory alloy system. 25) The difficulty in formation of a habit plane between the parent phase and the detwinned martensite phase is considered to be the origin of this stabilization effect due to deformation. 5, 13) From the -" curves at various temperatures, the critical stress versus temperature diagram can be plotted as shown in Fig. 4 . The critical stress for SIM transition and the variant reorientation is defined as the cross point of the extended straight lines of the plateau region and the elastic region.
Lines with the open circles and triangles are temperature dependencies of the variant reorientation stress in the martensite of both the alloys, and those with solid circles and triangles are the critical stress for the SIM transition determined from the -" curves. It is seen that, whereas the variant reorientation stress linearly decreases with increasing temperature, the critical stress for the SIM transition linearly increases in correspondence with the Clausius-Clapeyron law. Large open circles indicate the T M determined by the DSC. The temperatures extrapolated to zero stress agree well with the T M . The slope of the critical stress-temperature phase diagram can be expressed by the generalized ClausiusClapeyron equation as follows:
where ÁH is the enthalpy change of the martensitic transformation, is the mass density, T 0 is the free energy equilibrium temperature between the two phases, and " is the linear strain in the direction of the applied stress. The values of ÁH obtained from the DSC curve is 3.63 and 2.62 J/g for the 17Fe and 18Fe, respectively. The and the " can be evaluated from the lattice constants and from the -" curves. The calculated d=dT values are equal to 1.48 and 0.86 MPa/ C for the 17Fe and 18Fe, respectively, which is in agreement with the experimental results shown in Fig. 4 .
Conclusion
The elastic and thermomechanical characteristics of the 17Fe and the 18Fe single-crystal fibers were examined. Particularly, large superelastic tensile strain of about 10% was obtained for the 18Fe fiber. The fibers prepared by micro-pulling-down method are promising for applications as large-superelastic-strain materials. 
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